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ABSTRACT

The Kontum massif of south-central Vietnam has long been classified as lower continental crust of Precambrian
(Archean) age. U-Pb zircon and *“’Ar/*’Ar biotite ages from charnockites and amphibolite facies rocks from this
basement, however, yield much younger ages and imply at least two Paleozoic thermal events. Syntectonic char-
nockites from the Kannack complex and the southern Kontum massif record Permo-Triassic magmatism (U-Pb:
249 + 2[2¢] Ma and 253 + 2 Ma). The former sample yields an “°Ar/*Ar age of 243 + 4 Ma (20, implying rapid cooling
to the 250°C isograd following emplacement into the lower crust. The ages confirm the importance of Permo-Triassic
magma-generating orogenesis throughout a large part of eastern Indochina probably related to the closing of the Paleo-
Tethys Sea. Older ages in amphibolite facies igneous and metamorphic rocks from the western Kontum massif record
magmatic emplacement at 451 + 3 Ma (U-Pb) and possibly a Paleozoic tectonometamorphic event (~340 Ma) that
partially to completely reset the argon systems (*°Ar/*Ar: 424 + 5 Ma, 380 + 3 Ma, and 339 + 4 Ma). Crustal thick-
ening and regional heating during suturing of the Indochina block to the South China block along the Song Ma suture
zone may have produced the 340 Ma low-temperature thermal event, although slow variable cooling could also
explain the argon data. The Kontum massif and Kannack metamorphic complex should henceforth be considered
exposures of deep crustal levels of the Permo-Triassic orogeny in contact with Paleozoic midcrustal rocks. Evidently,

the Kontum massif did not rift from a Precambrian granulite belt in Gondwana.

Introduction

Granulite and amphibolite facies metamorphic
rocks of the Kontum massif in central Vietnam
have traditionally been interpreted as an uplifted
Precambrian (Archean) fragment of continental
crust that rifted from Gondwana and subsequently
represented the core of the Indochina block in pa-
leogeographic reconstructions of southeast Asia
(e.g., Metcalfe 1988, 1996, 1999; Hutchison 1989;
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Sengor and Natal’in 1996). The Kontum craton is
consequently taken as evidence for Precambrian/
early Paleozoic geologic events, such as magma-
tism associated with Neo-Proterozoic collisions
(e.g., Sengor et al. 1988; Sengdr and Natal’in 1996).
On the basis of petrologic similarities with rock
assemblages in East Antarctica, India, Sri Lanka,
and Australia, the granulite facies formations of the
Kontum massif have also been considered the miss-
ing piece that fills a gap between these other ele-
ments of a major Precambrian granulite belt (e.g.,
Katz 1993).

Only a handful of the magmatic and metamor-
phic rocks from inferred Precambrian basement in
Vietnam have been dated and reported with pro-
cedural details and supporting analytical data. Ex-
posures of possible Precambrian basement within
Vietnam are limited to the Kontum massif, the Bu
Khang area, and along the Red River fault zone (fig.
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Figure 1. Simplified geologic map of the Kontum massif in Vietnam showing sampling sites and regions discussed

in text. Map is compiled from existing geologic maps and present field investigations. Map units are after Tran Van
Tri (1973) and Nguyen Xuan Bao et al. (1994). Heavy dashed lines are international borders; light dashed lines are
rivers. The Kannack complex consists of granulite facies rocks and syntectonic charnockite intrusions. The Paleozoic
amphibolite facies rocks include acidic to basic orthogneisses known as the Dak-T6 Unit. Undated amphibolite facies
rocks, which include migmatitic gneisses, orthogneisses, and metasediments, are the Ngoc Linh complex and the
Kham Duc formation. Mesozoic terrigenous sediments are Triassic and Jurassic. Inset, Map of Vietnam showing major
fault zones, cities, and towns mentioned in the text and the location of the main geologic map. DBFZ = Dien Bien
Phu fault zone; RRFZ = Red River fault zone; SCM = Song Chay massif; SCFZ = Song Ca fault zone; SMFZ =
Song Ma fault zone; TPFZ = Tamky-Phuoc Son fault zone.
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1, inset). Early Proterozoic K-Ar ages of 1.7-2.0 Ga
(Tran Ngoc Nam 1998), as well as Nd model ages
of 3.4-3.1 Ga (Lan et al. 1999), have been docu-
mented along the Red River fault zone, although
single-grain U-Pb-Hf isotope analyses from detrital
zircon and baddeleyite crystals from the Red River
are not in favor of crust older than 2.5 Ga along
this major drainage (Bodet and Schirer 2000). In-
herited zircon components corroborate melting of
Precambrian (1.6-0.8 Ga) crust in Oligo-Miocene
gneisses from the Red River and Bu Khang areas
(Scharer et al. 1990, 1994; Nagy et al. 1999, 2000),
although direct evidence for Precambrian rocks has
not been reported from the Bu Khang region. Ages
from the Kontum massif include a few early to mid-
dle Proterozoic K/Ar and Rb-Sr ages, as well as a
Cambrian Rb-Sr age and a Devonian K/Ar age, al-
though analytical details are missing from many of
these early studies (Faure and Fontaine 1969; Snell-
ing 1969; Hurley and Fairbairn 1972; Phan Truong
Thi 1985; Tran Quoc Hai 1986; Hutchison 1989).
Recent geochronologic studies in the Kontum mas-
sif find Nd model ages of 2.0-1.5 Ga (Lan et al. 2000)
and SHRIMP U-Pb zircon ages from one granulite
sample of 254 Ma (Tran Ngoc Nam et al. 2001).

We present the first “°Ar/*’ Ar and U-Pb combined
geochronologic results for a variety of rocks from
the Kontum basement, including the Kannack
metamorphic complex, and show that these rocks
do not represent Precambrian lower crust but rather
record Paleozoic to Triassic magmatism and low-
temperature thermal events. Our results have im-
portant implications for the extent of magmatism
related to the late Paleozoic closing of the Paleo-
Tethys Sea.

Geologic Setting and Sample Locations

The Kontum massif (Saurin 1944) in south-central
Vietnam is an uplifted block of high-grade meta-
morphic rocks intruded by granitic bodies and
largely covered by Neogene-Quaternary basalts
(Rangin et al. 1995; Hoang and Flower 1998; Lee et
al. 1998). The E-to-W-striking Tamky-Phuoc Son
fault zone (fig. 1 and inset) separates the Kontum
block from the Truong Son fold belt to the north.
The Truong Son belt, which strikes ~NNW and ex-
tends from central Vietnam through north-central
Vietnam and into northeastern Laos, consists pri-
marily of elongated zones of metamorphic rocks.
The Song Ca and Song Ma fault zones (fig. 1, inset)
are 250-300-km-long continuous shear zones with-
in the Truong Son belt that show metamorphic fab-
rics parallel to the overall trend of the range (e.g.,
Lepvrier et al. 1997).

KONTUM MASSIF, VIETNAM 757

South of the Tamky-Phuoc Son fault zone, the
supposedly Precambrian Kannack metamorphic
core complex, located primarily in the east-central
part of the Kontum block with smaller isolated ex-
posures in the south near M’'Drac and in the west
near Dak-To6 (fig. 1), is intruded by Paleozoic and
undated amphibolite facies rocks and by Mesozoic
nonfoliated granites. Mesozoic sediments are pre-
sent as well. All of these rocks have been exten-
sively faulted by structures generally striking N to
NNW, whereas Neogene-Quaternary basalts and
sediments in the region are not deformed by brittle
deformation.

The Kannack metamorphic complex includes
several formations preserving granulite facies rock
types (DGMVN 1997). All rocks in the complex are
related to the 2-pyroxene gneiss facies of regional
metamorphism (Hutchison 1989), corresponding to
conditions of formation at deep crustal levels
around 800°-850°C and 7-8 kbar (Tran Quoc Hai
1986). The base of the complex is formed by an
aluminous metasedimentary series (pelites and Al-
quartzites) intercalated with carbonate (more or
less dolomitic) sediments. These undated sedimen-
tary protoliths are highly foliated (sometimes my-
lonitic) and metamorphosed to granulite facies, giv-
ing rise to khondalitic and kinzigitic gneisses,
granulitic metaquartzites, marbles, and skarns. The
foliation is flat to moderately dipping. Intermediate
pressures are supported by prismatic biotite and sil-
limanite-garnet-K-feldspar mineralogy. Prismatic
rutile, Mg-ilmenite, Ti-magnetite, sulfur, apatite,
zircon, and graphite are abundant. The presence of
stable biotite with quartz in some samples indi-
cates that anatectic conditions, probably under low
pH,O, were attained.

Syntectonic bodies of charnockite intrude the
granulitic metasedimentary formation. Evidence
for the syntectonic nature of the intrusions in-
cludes magmatic foliation that parallels the folia-
tion of the granulites and foliation-parallel intru-
sions of large sills. Most of the charnockites belong
to either a calc-alkaline magmatic series or a con-
tinental tholeiitic series with plagioclase and or-
thopyroxene. The magmatic suite is differentiated
into acidic, intermediate, and basic members, giv-
ing rise to charno-enderbites, Q-enderbites with or-
thopyroxene and biotite (Phan Cu Tien et al. 1988),
and true noritic gabbros. The most acidic char-
nockitic rocks could be products of anatexis of the
granulitic metasediments under low pH,O condi-
tions. The charnockites and granulites display a
late (secondary), retrograde greenschist facies meta-
morphism (e.g., chloritization of biotite, Fe loss in
biotites, growth of opaques and secondary white-
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micas). Cordierite may be pinitized and brown
hornblende can be transformed into actinolite and
epidote. This retrogressive episode may simply be
due to cooling of the syntectonic magmas or it may
have formed as the result of independent, late,
low-grade metamorphism. Our study includes a Q-
enderbite charnockite (VN357) analyzed with
U-Pb, Rb-Sr, and *°’Ar/**Ar methods (14°15'45",
108°30'17").

North and south of the Kannack complex, large
amounts of migmatitic gneisses and strongly foli-
ated granites are exposed. These rocks display a N-
to-NE-striking foliation and a general antiformal
structure (see cross sections in fig. 2). Shear criteria
across the area indicate normal movements related
to exhumation of the massif. The direction of ex-
tension is approximately NW to SE. The mineral
assemblage corresponds to amphibolite facies with
muscovite and sillimanite. In contrast to the Kan-
nack complex, migmatization occurs in the pres-
ence of water. We have analyzed a charnockite (Q-
enderbite) enclave (VN343) from within this unit
from the southernmost part of the Kontum massif
(fig. 1) with the U-Pb and Rb-Sr methods (12°46'47";
108°40'50").

In the western part of the Kontum block, a NNW-
trending zone along the Krong Poko River between
the villages of Dak-T6 and Kontum (fig. 1) consists
of amphibolites and granitoids more or less gneis-
sified (Phan Cu Tien et al. 1988). To the west, these
rocks are in fault contact over a slice of Kannack
complex rocks; Neogene sediments cover the east-
ern contact. The rocks do not share any features
with the previously described charnockites, and
from a geochemical point of view, they belong to
a Fe-K-rich series. We sampled three different am-
phibolite facies metabasites representing alkaline
to calc-alkaline affinities. Sampled outcrops con-
sist of a N110°E-to-N160°E-striking, subvertical
foliation and subhorizontal lineations. A biotite-
enriched pelitic series within the orthogneiss ex-
presses strong foliation and isoclinal folding. Shear
criteria tend to indicate a dextral sense of motion.
Our samples include a weakly deformed grano-
diorite (VIN386; 14°36'49”; 107°51'31"), an ortho-
gneiss (VN387; 14°39'06"; 107°47'20"), and a biotite
amphibolite (VN388; same location as VN387). We
analyzed sample VN386 with U-Pb and Rb-Sr
methods and all three samples for *°Ar/*Ar.

Mineralogy and Geochemistry

Charnockites. Sample VN357 is a Q-enderbite
that is typical of intermediate-to-acidic units
found in the Kannack complex. It contains quartz,

andesine plagioclase (Ang o _.43ADg54-05:07003-0.04)
containing antiperthetic K-feldspar (Ab,q;Or,,),
myrmekitic K-feldspar, hypersthene (Fe,,,), Ti-
biotite, Ti-hornblende, apatite, zircon, and Ti
opaques. (All phenocryst compositions quoted here
were determined with a Cameca SX 100-5 electron
microprobe at the University of Montpellier 2.) The
biotite occurs as a syn- to late-crystallization phase,
formed after the initial crystallization of orthopy-
roxene, and brown hornblende crystallized even
later.

Sample VN343 is a Q-enderbite occurring within
migmatites and consists of quartz, metastable cer-
iticized plagioclase exhibiting polysynthetic twin-
ning, myrmekitic K-feldspar, orthopyroxene, chlor-
itized biotite, muscovite, secondary amphibole,
apatite, and zircon. There is evidence for both pri-
mary and secondary muscovite. The petrofabric in-
dicates brittle deformation.

Amphibolite Facies Rocks. Sample VN386 is a
weakly foliated granodiorite containing quartz, K-
feldspar, oligoclase plagioclase, Fe/Ti-biotite, and
zircon. Sample VN387 is an orthogneiss consisting
of quartz, K-feldspar, oligoclase plagioclase, Fe/Ti-
biotite, Fe-hornblende, allanite, titanite, apatite,
zircon, and opaques. Finally, VN388 is a biotite am-
phibolite of dioritic composition, consisting of
quartz, andesine plagioclase (An,,,), green-brown
amphibole (Fe-pargasite/hastingsite with Fe, s, ¢ so;
0.9-1.13 wt % TiO, ), Fe/Ti biotite (Fe, s 2.65 wt
% Ti0,), epidote (var. pistacite), titanite, allanite,
ilmenite, apatite, and zircon.

Geochemistry. Chemical analyses of powdered
whole rock splits from the three samples analyzed
for U-Pb and Rb-Sr (charnockites VN357 and
VN343 and granodiorite VN386) were performed
using emission-ICP for major element determina-
tions and ICP-MS for trace and rare earth element
(REE) analyses (table 1 [tables 1, 3, and 5 are avail-
able from The Journal of Geology Data Depository
free of charge upon request]). Rock classification
for each sample is assigned using a silica-alkali di-
agram (fig. 3a). Major and trace element data show
that the three intrusions reflect calc-alkaline mag-
mas lying in the fields of diorite (VN357), grano-
diorite (VN386), and granite (VN343). All samples
are LREE (light rare earth element) enriched with
La/Yb > 10 (fig. 3b). Charnockite VN357 is the least
fractionated of the three samples, and charnockite
VN343 is the most fractionated and significantly
depleted in HREE (heavy rare earth element) (La/
Yb = 48), suggesting garnet fractionation in the
source magma. Eu anomalies are slightly negative
(VN357) to absent; plagioclase fractionation is
therefore not strongly supported. In trace element
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discrimination diagrams applied to granitic rocks
(Pearce et al. 1984), the granite (VN343) and gran-
odiorite (VN386) samples generally fall within the
syn-collisional and volcanic-arc granite fields, re-
spectively.

Geochronologic Data

Previous Data. Previous studies have not quan-
titatively identified Archean ages for rocks from
any part of the Kontum massif. Of particular sig-
nificance, Archean ages inferred for the Kannack
metamorphic complex in the central and eastern
regions of the Kontum massif are based exclusively
upon lithologic correlations inferred between the
charnockites and petrologically similar Precam-
brian rocks in Gondwana (Phan Truong Thi 1985;

Tran Quoc Hai 1986; Hutchison 1989, p. 152). K-
Ar geochronology in the Kontum massif provided
Early Proterozoic ages (1650-1810 Ma; Tran Quoc
Hai 1986; Hutchison 1989) that are similar to, yet
slightly older than, Rb-Sr ages of 1400-1600 Ma
(Phan Truong Thi 1985); a 2300-Ma Pb-isochron age
has also been mentioned in the literature (Hutch-
ison 1989, p. 300). A significantly younger K-Ar
biotite age of 398 + 7 Ma has been reported from
the Dak-To region northwest of Kontum (fig. 1;
Faure and Fontaine 1969; Snelling 1969). Radio-
metric ages have only recently been reported di-
rectly for the Kannack complex (many of the ages
reported by Hutchison [1989] are estimates) and in-
clude K-Ar ages of 241-244 Ma from synkinematic
biotites in a cordierite-sillimanite-biotite gneiss
(Tran Ngoc Nam 1998), a 240-Ma “°Ar/**Ar age for
a charnockite (Maluski and Lepvrier 1998; Maluski
et al. 19994), and U-Pb SHRIMP ages around 250
Ma for a granulite (Tran Ngoc Nam et al. 2001).

U-Pb and Rb-Sr Analyses. Zircons from samples
VN357, VN343, and VN386 were dated with the
U-Pb technique, and K-feldspars from the samples
were analyzed for Rb-Sr and Pb isotope systematics.
Measurements were performed using the isotope
dilution method on grain-by-grain selected frac-
tions of zircon and K-feldspar, concentrated using
conventional magnetic and density separation
techniques following crushing of 3-5-kg rock sam-
ples. The U-Pb and Rb-Sr analytical results are
listed in tables 2 and 3, respectively. Most grains
were abraded prior to dissolution (indicated in table
2). All U-Pb dates were corrected for initial com-
mon Pb as determined on coexisting K-feldspars
from each sample (table 3 [tables 1, 3, and 5 are
available from The Journal of Geology Data De-
pository free of charge upon request]). Details of the
analytical procedures and mass-spectrometric anal-
ysis can be found in the footnotes of tables 2 and
3 and in earlier publications (e.g., Schirer et al.
1994; Zhang and Schirer 1999).

Concordia diagrams for the diorite and granite
charnockites and the amphibolite facies granodior-
ite are shown in figure 4a-4c, respectively. Seven
zircon fractions from VN357 (fig. 4a) yield five con-
cordant and two slightly discordant dates. The
mean age defined by the five identically concordant
zircon fractions and the very slightly discordant
fractions is 248.8 + 1.7 (20) Ma. A regression line
including all seven fractions gives an upper inter-
cept age of about 1.1 Ga, approximating the age of
zircons from the melted crustal material. Seven zir-
con fractions from VN343 (fig. 4b) yield two con-
cordant ages and one very slightly discordant date
that together give a mean age of 252.5 + 1.5 Ma,



Table 2. U-Pb Analytical Results for Zircons from the Kontum Region

Concentra- Radiogenic Pb in Apparent ages in
tion (ppm)  spp atomic %" Atomic ratios” Ma®
——— Z(‘APb
o Mass Pb  mea- 206p}, 207p, 207p, nepy,  207ph 207
Sample description (mg) U  rad. sured® *Pb *Pb **Pb U Uy 206pp Wy By 20ph

Dioritic charnockite (VN357):
~45 medium to large equant
grains, transparent, abraded .1626 313 13.0 651 81.8 4.2 13.9 .03944 2816 .051773 249 252 275
~30 large egg-shaped to
clongate grains, trans-

parent, abraded .0984 349 142 514 843 43 11.4 .03996 .2810 .051009 253 251 241
~35 large elongate grains,

transparent, nonabraded 1798 383 15.6 1165 82.6 4.2 13.1  .03913 .2770 .051339 247 248 256
~7 large elongate grains,

transparent, nonabraded .0722 402 15.7 1166 85.5 44 10.1 .03882 .2726  .050938 245 245 238

~5 medium to large egg-

shaped to round grains,

transparent, strongly

abraded .0369 263 11.0 1508 80.7 4.2 15.0 .03919 .2833 .052426 248 253 304
14 medium to large broken

pieces of grains, trans-

parent, abraded .0790 160 6.6 568 81.7 4.2 14.1 .03887 .2761 .051518 246 248 264
~15 large elongate grains,
transparent, nonabraded 1565 377 15.8 3221 83.6 4.4 12.0 .04077 2952  .052509 258 263 308

Granitic charnockite (VN343):
~13 large elongate grains,
transparent, abraded .0484 498 22.0 4576 772 4.0 18.9 .03958 .2810 .051478 250 251 262
~11 large elongate to round
grains, transparent, abraded .0251 470 21.1 1012 763 3.9 19.7 .03978 2828 .051562 251 253 266
~15 medium to large egg-
shaped grains, transparent,

strongly abraded .0377 513 19.9 3063 88.8 4.6 6.6 .04009 .2861 .051755 253 255 275
~10 large elongate grains,
transparent, nonabraded .0673 2183 72.7 11,349 915 4.7 3.9 .03543 .25014 .051206 224 227 250

~22 medium to large, round
to egg-shaped grains, trans-

parent, abraded 1190 1521 63.6 11,498 89.2 5.7 5.1 .04341 .38073 .063616 274 328 729
~17 medium equant grains,
transparent, abraded .0496 1220 59.8 9116 88.6 5.8 5.5 .05056 .4583 .065746 318 383 798

24 small to medium egg-

shaped grains, transparent,

well abraded .0360 1164 479 2597 88.0 4.9 7.1 .04210 .3260 .056159 266 287 459

Granodiorite (VN386):

13 medium well-rounded

grains, transparent, well

abraded .0435 620 43.8 5613 88.7 5.0 6.3 .07298 .5667 .056321 454 456 465
12 medium to large angular

grains, transparent, abraded .0608 586 41.6 317 87.8 49 7.3 .07238 .5539  .055502 450 448 433
26 small to medium equant

grains, transparent, abraded .0325 603 42.1 4096 89.2 5.0 5.9 .07238 .5554  .055653 450 449 439
19 small to medium egg-

shaped grains, transparent,

abraded 0429 471 32.0 311 884 5.0 6.6 .06993 .5455 .056582 436 442 475
8 medium to large elongate

grains, transparent, non-

abraded .0567 1215 74.5 7802 904 5.1 4.5 .06451 .4986 .056064 403 411 455
5 medium to large round

grains, transparent, abraded .0622 574 33.1 1169 89.8 4.9 5.3 .06028 .4578 .055082 377 383 416

Note. Individual analyses were performed on euhedral, unbroken, crack-free grains of highest transparency possible. Small grains
are <80 mm long, medium-size grains are 80-120 mm long, and large grains are >120 mm long. Zircons were dissolved in HF >
50% at 220°C for 4 d in Teflon bombs; the chemical procedure is from Krogh (1973), and abrasion was performed according to Krogh
(1982). U decay constants used are those determined by Jaffey et al. (1971) as recommended by Steiger and Jiger (1977). For isotopic
measurements, Pb and U were loaded together on single Re filaments with Si gel and H,PO, and were run at 1350°-1450°C and
1450°-1550°C, respectively, on a Thomson 206 solid-source mass spectrometer. Mass discrimination is 0.10% = 0.05%/amu for Pb
and U. Dioritic charnockite (VN357) mean (1-6): 248.8 + 1.7 (2¢) Ma; granitic charnockite (VN343) mean (8-10): 252.5 + 1.5 Ma;
granodiorite (VN386) mean (15-17): 451.2 + 2.6 Ma, mean (15-18): 448.1 + 4.6 Ma.

* Ratio corrected for mass discrimination and isotopic tracer contribution.

" Ratio corrected for mass discrimination, isotopic tracer contribution, 10 pg of Pb blank, 1 pg of U blank, and initial common Pb
(table 4) as determined in leached coexisting feldspar (Schirer 1991) from the samples. Together with mass-spectrometric precisions
and uncertainties from spike calibration, such correction for initial Pb yields analytical uncertainties of 0.5%-0.7% for **Pb/>**U,
0.6%-1.0% for *’Pb/**U, and about 0.2%-0.5% for **’Pb/***Pb, dependent on ***Pb/***Pb measured.
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U-Pb concordia diagrams for samples

a)

whereas three other fractions are significantly dis-
cordant, indicating the presence of 1.8-2.7-Ga in-
herited components extracted from the magma
source rocks. A nonabraded fraction plots at a
younger age relative to all other samples, undoubt-
edly due to postcrystallization Pb loss at the crystal
surfaces. Six zircon fractions from VN386 (fig. 4c)
yield three concordant dates defining a mean age
of 451.2 + 2.6 Ma, and three other fractions show
various degrees of discordance that can be ascribed
to postcrystallization Pb loss. Including the least
discordant fraction with the concordant ones gives
a mean age of 448.1 = 4.6 Ma.

Source characteristics of the dioritic, granitic,
and granodioritic magmas were examined using
Rb-Sr and Pb isotopes analyzed in K-feldspar (tables
3, 4). To calculate initial *Sr/*Sr ratios (Sr,), we
corrected for the in situ decay of ¥Rb using the U-
Pb ages of the rocks and the measured Rb/Sr ratio.
The initial Pb isotope ratios (Pb;) were measured
directly on K-feldspar mineral fractions, which are
generally devoid of U. The feldspars were leached
with weak HF/HBr prior to dissolution to avoid
analyzing chemically altered crystal rims that po-
tentially include U and Pb from intergranular
phases.

Sr;, values for the three samples lie between
0.70939 and 0.71639 (table 4). The 253-Ma granite
charnockite (VIN343) shows the largest crustal con-
tribution, which is in agreement with (1) its granitic
composition, compared to the less differentiated
granodioritic-dioritic compositions of the other two
rocks, and (2) the presence of significant inherited
components in its zircons (fig. 4b). The Sr; signa-
tures in the diorite and granodiorite indicate a less
significant crustal component in their source mag-
mas, consistent with their chemical character.

Pb, values for all three samples are slightly higher
than the model curves for Pb evolution in average
or upper continental crust («—3 diagram, fig. 5a).
Because Pb is buffered by continental components,
which carry the dominant portion of Pb compared
to mantle melts, a contribution of only a small per-
centage of upper crustal material to a basaltic
magma dominates the Pb isotope composition at
the time of pluton emplacement (e.g., Schirer
1991). Our samples, including the diorite, therefore
plot along the model curves for continental crust
but in a slightly higher position, implying assimi-
lation of old crustal components with *’Pb/**°Pb
values higher than both average and upper conti-
nental crust values (Stacey and Kramers 1975; Zart-
man and Doe 1981). This conclusion from the Pb
systematics corroborates the presence of 1.1-2.7-
Ga inherited components in the zircons (fig. 4). An
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Table 4. Summary of Ages and Initial Sr and U-Th-Pb Signatures
“OAr/*Ar age (Ma), U-Pb age (Ma),

(Sr/*Sr); of  ***U/*Pb (u) of Th/U () of

Sample 20 s.e. 20 s.e. magma source magma source magma source
Dioritic charnockite (VN357) 243 + 4 248.8 + 1.7 .71082 9.50 3.92
Granitic charnockite (VIN343) 252.5 £ 1.5 .71639 9.64 3.90
Granodiorite (VN386) 339 + 8 4512 + 2.6 .70939 9.67 3.74
Orthogneiss (VN387) 380 + 6
Dioritic amphibolite (VIN388) 424 + 10

Note. (%7Sr/%Sr); is calculated from the Rb-Sr data listed in table 3 and the U-Pb age listed above. u and « are calculated from

the Pb data listed in table 3 and the U-Pb age listed above, using a single-stage evolution model of a 4.56-Ga-old Earth having Pb
initial isotopic ratios as measured in the Canyon Diablo Fe-meteorite (Tatsumoto et al. 1973).

a—y diagram of Pb; (fig. 5b) reveals that magma
sources for the charnockites (VIN343, VN357) are
enriched in Th relative to U (Th/U [«]: 3.92 and
3.90; table 4). These « ratios are higher than typical
of model upper or average crust, possibly indicating a
assimilation of lower crust material (i.e., depleted d

in U). In contrast, the older granodiorite (VIN386) 16.700 A
has a « ratio (3.74) that suggests magma contribu-
tion from typical upper crust. 16.500 4
“Ar/*Ar Biotite Analyses. Four samples were ir- 2 16.300
radiated with flux monitors at the Osiris Reactor 2
(CEA) in Saclay, France. Analyses were performed S 16.100 . VoD
by stepwise heating of purified biotite separates and S 0 VN357
measured using a modified Thomson rare gas mass 15& 15.900 - @ VN386
spectrometer. Analytical procedures can be found o
in earlier publications (Maluski 1989; Maluski et 15.700 4
al. 1995a; Lepvrier et al. 1997). Data are presented 15.500
in table 5 (tables 1, 3, and 5 are available from The
Journal of Geology Data Depository free of charge 15.300 . . ' .

upon request) and illustrated in figure 6.

A plateau age of 243 + 4 Ma (20) is given by the b.
last three heating steps of charnockite VN357 (fig.
6a). This age accounts for about 50% of the *’Ar
degassed between 1050°C and the temperature of
complete fusion. The age calculated for the entire
data set is 239 + 5 Ma, which overlaps with the
former value given uncertainties. Ages reach the
range of the plateau value by low temperatures (e.g.,
242 + 8 Ma for the 700°C step). This suggests that
postcooling thermal effects were insignificant.

The three amphibolite facies samples (VN386,
VN387, VN388) give very similar age spectra pat-
terns. Their plateau ages are reached early in the
step-heating procedure, generally by 650°C, and the
plateaus include more than 75% of the extracted
¥Ar (fig. 6b-6d). Plateau ages are 339 = 8 Ma,
380 + 6 Ma, and 424 + 10 Ma, respectively.

39.400 -
0 Ma

= 38.900

38.400 4

208pp,204pp

® VN343
B VN357
<© VN386

37.900 A

37.400

17.500 18.000 18.500 19.000 19.500 20.000

206py,/204pp (o)

Discussion
Figure 5. a, a—f and b, a—y diagrams. Also shown are

Our geochronologic results (table 4) show that mag-
matism producing charnockites and amphibolite
facies intrusions in the Kontum massif is much

model curves for Pb-isotope evolution of upper (Zartman
and Doe 1981) and average (Stacey and Kramers 1975)
continental crust.
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younger than the Precambrian ages previously in-
ferred (e.g., Phan Cu Tien et al. 1988; Hutchison
1989, p. 152). The Kontum massif appears to be a
composite block made up of remnants of at least
two magmatic events, one involving Paleozoic
middle crustal plutonism and the other generating
Permo-Triassic lower crustal charnockites. It fol-
lows that the Kontum massif, and in particular the
Kannack metamorphic core complex, did not rift
from the Precambrian granulite belt of Gondwana,
which is presently dispersed in East Antarctica, In-
dia, Sri Lanka, and Australia (Katz 1993). It should,
nevertheless, still be considered the principle part
of the Indochina block in paleogeographic recon-
structions. Following a geochronologic summary of
the magmatic history of the Kontum massif as re-
corded in our samples and a discussion of magma
source characteristics, we examine the relationship
between the tectonic history of the Indochina block
and magmatism recorded in the Kontum region.
Magmatic History in the Kontum Massif. The am-
phibolite facies granodiorite (VN386) gives a U-Pb

I
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“OAr/*Ar plateau diagrams for samples (a) VN357, (b) VN386, (c) VN387, and (d) VN388

emplacement age of ~450 Ma and an “°Ar/*’Ar age
of ~340 Ma. The difference in these ages may be
due to slow cooling. Alternatively, the weak foli-
ation delineated by the biotite fabric may have
formed during a post-450 Ma, low-temperature tec-
tonometamorphic event that also reset the argon
systematics. Retrogressive growth of epidote (pis-
tacite) and chlorite supports such an event. Because
biotites in sample VN386 show no evidence of par-
tial resetting of the argon system (i.e., no signifi-
cantly younger “°Ar/*’Ar ages at low-temperature
extraction steps), we infer that such a reheating
event probably occurred at ~340 Ma, completely
resetting the argon isotopes in the biotite of this
particular sample. This scenario is further sup-
ported by Pb loss in three slightly discordant zircon
fractions in VN386 (fig. 4c) that intercept concordia
at upper Paleozoic time.

On the basis of field relationships, and in the
absence of U-Pb data, we infer that the other am-
phibolite facies rocks (VN387 and VN388) were em-
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placed contemporaneously with VN386 at ~450
Ma. All three samples appear to be part of the same
series at the outcrop level in the Krong Poko River
region, and there are no tectonic or intrusive con-
tacts between them. Samples VN387 and VN388
yield “°Ar/* Ar plateau ages of ~380 Ma and 424 Ma,
respectively. Again, these ages might reflect slow
cooling of Ordovician intrusions, the rate of which
must have varied between the three amphibolite
samples given the three different “°Ar/*’Ar ages. If,
however, a low-temperature thermal event did oc-
cur around 340 Ma, as suggested above, the older
ages of VN387 and VN388 suggest only partial ar-
gon resetting. In contrast to VN386, the age spectra
obtained from the biotites in VN387 and VN388
show evidence of Ar diffusion at low degassing tem-
peratures, corresponding to low ages relative to the
plateau ages and supporting partial resetting by a
postemplacement temperature rise.

Clearly, the most surprising result from the am-
phibolite facies magmatic suite is the Paleozoic,
rather than Precambrian, U-Pb and *°Ar/*Ar ages.
Our alternative interpretation to simple cooling of
Ordovician intrusions at various rates, which is
that a subsequent thermal event (340 Ma or
younger) reset the argon systematics to varying de-
grees, is speculative but certainly a viable possi-
bility given the argon and discordant zircon results.
Faure and Fontaine (1969) also suggested a low-
temperature reheating event based on a Paleozoic
K/Ar age (398 Ma) determined for the same gran-
odiorite as sample VN386. We would favor an ear-
lier age (~340 Ma) for the actual reheating event
based on the observations outlined above.

The charnockite sample from the Kannack com-
plex (VN357), previously assigned an Archean age
(e.g., Phan Cu Tien et al. 1988), yields significantly
younger ages of ~249 Ma (U-Pb) and ~243 Ma (*°Ar/
¥ Ar) (table 4). The convergence of ages by the two
different radiometric systems implies cooling to
~250°C within ~6 Ma, indicating rapid crystalli-
zation and cooling (40°-60°C/Ma) during Permo-
Triassic times. A similar U-Pb age (~253 Ma) for
the charnockite sample from the southern Kontum
massif (VN343) is in agreement with previously re-
ported Permo-Triassic K/Ar (Phan Cu Tien et al.
1988) and “°Ar/*Ar (Maluski and Lepvrier 1998;
Maluski et al. 1999a) ages from this region. Results
from the two geochronometers suggest rapid ex-
humation of the newly generated lower crust,
which is, a priori, a fundamental requirement to
bring charnockitic rocks through the amphibolite
and greenschist stability fields to the surface.

It is significant that the amphibolite facies sam-
ples yielding middle Paleozoic *°Ar/*’ Ar ages in the
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Krong Poko River region show no effects from the
Permo-Triassic thermal event that is recorded in
the nearby charnockite samples. It seems likely
that there is a major, post-250-Ma structure across
which the Paleozoic and Permo-Triassic rocks are
juxtaposed. Given the complexity of faults shown
in current geologic maps (e.g., fig. 1), it is likely
that one or more such structures is present in the
region.

Magma Sources. Relic inherited components in
zircons from charnockite samples VN357 and
VN343 show U-Pb evidence for Proterozoic, and
perhaps even Archean, crustal source material pre-
sent in the magma source region or assimilated dur-
ing magma ascent through the lower crust. Initial
Sr and Pb signatures (tables 3, 4; fig. 5) also indicate
the involvement of older continental crust in the
genesis of both the ~250 Ma and ~450 Ma magmas.
Some older crustal material, potentially in the form
of sediments, must have been present during both
orogenic cycles; however, this does not imply that
Precambrian crust is exposed at the surface of the
Kontum complex. Although the calc-alkaline in-
trusions from Kontum most likely represent mix-
ing of mantle with crustal-derived magmas, such
as indicated by the Sr, signatures and the dioritic
composition of VN357, the nature of melted crust
cannot be rigorously determined. Pb, isotopic val-
ues imply that crustal source materials did not have
significantly evolved signatures at the time of melt-
ing, which is compatible with magma formation
within and from the lower continental crust, trig-
gered by injection of basaltic magmas from the
mantle, a generally accepted scenario for the for-
mation of a calc-alkaline series (e.g., DePaolo et al.
1991). Evidently, this hypothesis is based on a lim-
ited data set and takes into account the tectonic
context.

It is useful to distinguish whether the charnock-
ites (VN357 and VN343) are metamorphic (e.g., de-
hydration products of amphibolites during granu-
lite facies metamorphism) or igneous (e.g., melting
of a fertile granulite that was dehydrated during an
earlier metamorphism) because the former is in-
ferred to occur at 700°-800°C (e.g., Hansen et al.
1987), whereas the latter can occur at temperatures
as high as 1000°C (Kilpatrick and Ellis 1992). The
low SiO, content of charnockite VN357 (58 %; table
1) suggests that it may be a derivative magma of
cumulates associated with magmatic charnockites,
whose parental compositions are generally 62%
Si0, (Kilpatrick and Ellis 1992), whereas the high-
SiO, charnockite (VN343) might represent a con-
temporaneous fractionated magma extracted from
the charnockitic parent. The relatively high abun-
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dances of K,O and LILE (larger ion lithophile ele-
ments) and low abundance of CaO in VN343 sup-
port a magmatic (C type), rather than metamorphic,
charnockite source (Kilpatrick and Ellis 1992). The
crystallization of biotite prior to hornblende is also
characteristic of igneous charnockites (Kilpatrick
and Ellis 1992). Perhaps most significantly, gran-
ulite metamorphism would not produce the nec-
essary temperatures and pressures required to reset
the U-Pb systems within the zircons to generate
concordant, or nearly concordant, grains (fig. 4aq,
4b).

High temperatures, such as those inferred for the
emplacement of magmatic charnockites, can be at-
tained by large volumes of basalt injection into the
lower crust or by processes occurring within the
basal levels of thickened crust, such as produced
in major continental collision zones (Kilpatrick and
Ellis 1992). This lends support to a syn-collisional
magmatic origin for these rocks during a major
Permo-Triassic orogenesis (discussed next).

Relationship between Magmatism and Tectonic His-
tory. The Phanerozoic tectonic history of Indo-
china is complicated and controversial because
data from the region are rare. Numerous Paleozoic
rifting events tore apart the northern margin of
Gondwana, producing microcontinents that even-
tually collided into Asia and eradicated much of
the earlier geologic record. The lack of geochron-
ologic constraints on, and scarcity of, obducted
ophiolites makes it difficult to constrain the timing
of the numerous ocean-forming events and micro-
plate separations. Most paleogeographic recon-
structions, consequently, rely on the presence or
absence of floral and faunal assemblages linking
various continental blocks. A brief overview of the
tectonic history of the Indochina block, which in-
cludes the central and southern parts of Vietnam,
is provided here and shows how our geochronologic
results may constrain the timing of various colli-
sional events.

It is generally agreed that, by the early to middle
Carboniferous, the Indochina and South China
blocks amalgamated along the Song Ma fault zone
(SMFZ in fig. 1, inset) in northern Vietnam and
Yunnan (e.g., Hutchison 1989; Metcalfe 1996; Sen-
gor and Natal’in 1996). Yin and Nie (1996, p. 473)
suggest that these microplates collided in the late
Triassic; however, there is significant evidence for
a Carboniferous suture between the two blocks. Ac-
cording to Hutchison (1989), the Annamitic plu-
tonic arc formed above a region of subduction in
the late Devonian, and suturing was complete with
the formation of the Truong Son fold belt (fig. 1,
inset) and the emplacement of 330-Ma granites.

The ages discussed by Hutchison (1989) are pre-
dominantly K-Ar determinations that the author
admits need to be verified with more rigorous ra-
diometric techniques. Additional evidence for a
Late Devonian/Early Carboniferous age for the
Song Ma suture zone includes middle Carbonifer-
ous carbonates that blanket the zone, different pre-
middle Carboniferous faunas on either side of the
zone overlain by similar middle Carboniferous fau-
nas, and large-scale folding, thrusting, and nappe
formation in the early to middle Carboniferous
(Metcalfe 1998).

We have suggested that the Silurian to Carbon-
iferous *°Ar/**Ar ages for the three amphibolite fa-
cies rocks from the Krong Poko River region in
western Kontum (VN386, VN387, VN388) may re-
flect a low-temperature (tectonometamorphic) re-
heating event of Ordovician intrusions during the
Early Carboniferous (340 Ma). It seems reasonable
that this thermal event corresponds to a tempera-
ture increase in the crust directly related to crustal
thickening and microplate collision along the Song
Ma suture. If this is the case, it implies that the
Kontum block, which was formerly described (e.g.,
Tran Van Tri et al. 1979) as an independent unit
from the Truong Son fold belt north of the Tamky—
Phuoc Son fault zone (fig. 1 and inset), was in fact
in contact with the Truong Son belt prior to Permo-
Triassic times and subsequently suffered the same
temperature and deformation history.

A major Permo-Triassic collisional and suturing
event between Indochina and Sibumasu (including
peninsular Malaysia, Thailand, Burma, and Yun-
nan) closed the Paleo-Tethys Sea. We refrain from
using the terms “Indosinian” or “Cimmeride”
orogeny in order to avoid some controversy sur-
rounding their appropriateness (e.g., Hutchison
1989; Sengor and Natal’in 1996), although it is clear
that widespread orogenic and magmatic events oc-
curred in Indochina during late Paleozoic/early
Mesozoic times. There is general agreement that
the closing of the Paleo-Tethys Sea, which pro-
duced several major N-to-NW-trending suture
zones, occurred in the Triassic with orogenesis con-
tinuing into the Jurassic (e.g., Hutchison 1989; Met-
calfe 1998).

A fair amount of “°Ar/** Ar and U-Pb data has con-
firmed the key role of this Permo-Triassic tecton-
ometamorphic event in the NW-striking Truong
Son fold belt (fig. 1) between the Song Ma suture
and northern Kontum (Maluski et al. 1995b; Lep-
vrier et al. 1997; Nagy and Schirer 1999; Tran Ngoc
Nam et al. 2001), as well as in the Song Chay massif
(fig. 1, inset) north of the Red River fault zone (Ma-
luski et al. 19994, 1999b). A regional study by Lep-
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vrier et al. (1997) found consistent *°Ar/* Ar plateau
cooling ages on micas around 245 Ma for calc-
alkaline magmatic rocks and high-grade meta-
morphic rocks distributed throughout NW-trend-
ing shear zones in Vietnam north of the Kontum
block.

Emplacement ages determined in this study of
249 Ma (VN357) and 253 Ma (VN343) for char-
nockitic intrusions in the Kontum massif are in
good agreement with the ages found to the north.
The Permo-Triassic intrusions, thus, probably rep-
resent collision-related, batholithic-type magma-
tism related to the closing of the Paleo-Tethys Sea.
Trace-element geochemistry of VN343 (table 1) is
similar to that found in other syn-collisional gran-
ites that experienced volatile-induced enrichment
in elements such as Rb and Ta (Pearce et al. 1984).
The similarity between the U-Pb and “°Ar/*Ar ages
for the two charnockites suggests rapid exhuma-
tion of newly generated crust, which most likely
occurred during or after collision. Rapid migration
of the charnockite from the magma source region
may have been facilitated by preexisting inclined
shear zones formed during earlier microplate col-
lisions or even by active crustal-scale shear zones
moving contemporaneously during emplacement.
In a similar manner, active transcurrent shear zones
were perhaps responsible for the emplacement
and upward migration of a Pan-African granite-
charnockite pluton in Nigeria (Ferré et al. 1997).

Our results extend to the south the known region
in Indochina affected by the extensive Permo-
Triassic orogeny. The tectonometamorphic event
is roughly contemporaneous with closure of a large
basin that formed the E-to-W-trending Qinling-
Dabieshan orogenic belt between the South and
North China blocks. The age of this collision in
China is most likely early Triassic, possibly initi-
ating in the latest Permian (e.g., Eide et al. 1994,
Yin and Nie 1996; Rowley et al. 1997; Hacker et
al. 1998); thus it appears that several microplate
collisions occurred simultaneously in Asia during
Permo-Triassic times.

This discussion implies above all that the Kon-
tum massif did not rift from the Precambrian gran-
ulite belt of Gondwana. Rather, it represents a re-
gion of Paleozoic and Permo-Triassic magmatism.
The Paleozoic rocks from the area around the Krong
Poko River (fig. 1) were somehow protected from
the thermal and deformational effects of later
Permo-Triassic magma-generating orogenesis, sug-
gesting post-250-Ma tectonic juxtaposition of these
different parts of the Kontum massif. Our results
from the Kontum massif question the Precambrian
age assigned to other massifs in the area, such as
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the Chon Buri massif in Thailand and the Palin
massif in Cambodia (Hutchison 1989). We have
much to learn and update regarding the geology of
Indochina, which has been relatively inaccessible
for decades.

Conclusions

Geochronologic data from the Kannack complex in
the Kontum massif, Vietnam, imply that the Ar-
chean age commonly inferred for the region is no
longer supported. Instead, new *°Ar/*?Ar and U-Pb
ages indicate that charnockites and amphibolite
facies rocks formed from Ordovician to Permo-
Triassic times and thus did not rift from the Pre-
cambrian granulite belt of Gondwana. We note,
however, that the presence of a crustal source bear-
ing Precambrian material, potentially in the form
of sediments, is substantiated by inherited com-
ponents retained in the zircons analyzed for U-Pb.
Most significantly, these results confirm the sig-
nificant role of a widespread magma-generating
orogeny that began in the Late Permian/Early Tri-
assic and was the result of closing of the Paleo-
Tethys Sea. The absence of thermal effects in the
amphibolite facies rocks by the Permo-Triassic oro-
genesis implies post-250-Ma tectonic juxtaposition
of these different parts of the Kontum massif.
Prior to this study, no evidence existed for a 450-
Ma magmatic event in the Indochina block. The
relatively low Y and Yb concentrations in VN386
are similar to concentrations found in granites
formed in volcanic arc (i.e., subduction related) set-
tings rather than in within-plate granites and
ocean-ridge granites (Pearce et al. 1984). On the
other hand, a rift-related origin for VN386 is sup-
ported by trace element geochemical patterns that,
normalized to ocean-ridge granites, are quite sim-
ilar to within-plate granites intruded into strongly
attenuated crust (e.g., relatively high concentra-
tions of K, Rb, and Th and values of Hf, Zr, and Sm
close to the normalizing values; Pearce et al. 1984).
The early Paleozoic history of the Indochina block
is uncertain. Some authors favor Ordovician or Si-
lurian rifting of Indochina from Gondwana (Hutch-
ison 1989, p. 126), whereas others suggest that rift-
ing occurred in Late Devonian times following
major intracontinental extension of the north-
western Australian shelf in the Early Ordovician
(Metcalfe 1996, 1998 and references therein). If
the calc-alkaline Ordovician magmatism identified
here was generated in a volcanic arc setting, this
would not endorse early rifting scenarios. Instead,
it might support a south-to-north progression of
subduction-related magmatism from the Indochina
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block to the South China block where ~420-435-
Ma magmatism (Li et al. 1989; Li 1994; Roger et
al. 2000) has been associated with a phase of gra-
nitic magmatism that occurred during a major mid-
dle Silurian (“Caledonian”) collision in southeast
China that produced widespread folding, meta-
morphism, and granitic emplacement (e.g., Hutch-
ison 1989).

Our geochronologic results draw into question
Proterozoic and earliest Phanerozoic K-Ar and Rb-
Sr ages previously reported for the Kontum massif
(e.g., Phan Truong Thi 1985; Tran Quoc Hai 1986;
Hutchison 1989). In several of these publications,
the ages are given without supporting data tables
or obtainable references, and in some cases, whole
rock rather than single crystal ages were deter-
mined, which can be less reliable indicators of the
age of crystallization. Hurley and Fairbairn (1972)
reported a relatively young Rb-Sr whole rock age
(530 Ma) for a group of rocks sampled between Da
Nang and the Kontum region (fig. 1, inset). Their
results are questionable, however, because of the
large geographic distribution of the samples, their
different origin and nature, their estimated initial
ratio of ¥’Sr/*Sr = 0.704 (considerably lower than
any values analytically determined here; see table
4), and the fact that many samples in their study
do not fall on their reference isochron. Further geo-
chronology is needed to show that Archean, or even
Precambrian, crust exists in Indochina. Presently,

only small slices of heavily overprinted Precam-
brian gneisses have been identified in Vietnam
along the Red River fault zone (fig. 1). The generally
accepted Precambrian crystallization age of the Bu
Khang complex in central Vietnam has recently
been shown to be Cenozoic (Jolivet et al. 1999;
Nagy et al. 1999, 2000). Significantly, a recent study
by Lan et al. (2000) finds Nd model ages for the
Kannack complex of 2.0-1.5 Ga, arguing against
Archean crustal formation.
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